Previous work from this laboratory has reported on the effects of two sequential 5 day periods of fasting and subsequent refeeding on tumor promotion in multistage hepatocarcinogenesis in the rat (Carcinogenesis, 18, 159-166, 1997). In the present extension of the earlier study, the sequential fasting-refeeding regimen was begun at later time points (28 and 54 days post-initiation) than the first study. This was done to determine whether larger-sized altered hepatic foci (AHF) exhibited a depletion similar to that of the relatively small AHF in the published experiment and to study concomitant molecular changes during the fasting periods. Groups of animals were fasted in the presence and absence of 0.05% phenobarbital (PB) in the drinking water. During the fasting periods, both body and liver weights decreased dramatically, less in the fast begun at 54 days. This change was accompanied by a significant decrease in the bromodeoxyuridine (BrdU) labeling indices of hepatocytes within AHF. Apoptotic bodies increased dramatically in the non-focal (surrounding the AHF) hepatocytes during the fasting periods. These parameters were slightly lower in hepatocytes of rats administered PB during the fasting periods, most notably during the 54-66 day period. With the nick end-labeling method, the proportion of hepatocytes undergoing apoptosis was significantly higher in cells within AHF at the end of each of the fasting periods in all but one group. Concomitantly, the number of AHF and percentage of liver volume occupied by AHF decreased dramatically during the fasting periods. Refeeding caused a marked increase in BrdU labeling in hepatocytes within and surrounding AHF during the first week or two, most notably in animals not receiving PB during the fasting period. Both the number and volume percentage of liver AHF returned to control values within~2 weeks of the refeeding regimen. Assays of nuclear DNA fragmentation with samples of whole liver indicated that a 'laddering' effect was most noticeable in livers of animals subjected to the fasting-refeeding regimen when phenobarbital was not present during the fasting period. Studies of the levels of mRNA of several genes in the total liver revealed that the expression of c-myc increased 3-to 9-fold during the fasting periods but rapidly returned to normal *Abbreviations: AB, apoptotic body; AHF, altered hepatic foci; BrdU, bromodeoxyuridine; DAB, diaminobenzidine; DEN, diethylnitrosamine; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GST-P, glutathione Stransferase-π; H&E, hematoxylin and eosin; ; IGF, insulin-like growth factor; LI, labeling index; NEL, nick end labeling; PB, phenobarbital; PH, partial hepatectomy; TdT, terminal deoxynucleotidyltransferase.
Introduction
In experimental animals, chronic caloric restriction retards the aging process (1), prevents cancer development (2) (3) (4) and suppresses the growth of altered hepatic foci (AHF*) during the hepatocarcinogenic process (4-7). These effects have been related to longevity (8) , hormones (9) , drug metabolism (10), cell proliferation (11, 12) , DNA damage (13) and oncogene expression (14, 15) . Recently, Grasl-Kraupp et al. (16) and James and Muskhelishvili (5) demonstrated that apoptosis may play an important role in the inhibitory effects of chronic caloric restriction on spontaneous hepatocarcinogenesis. In contrast, relatively little is known at present about the influences of acute fasting on the carcinogenic process (17) (18) (19) and neoplastic growth (20) . Schmitt et al. reported that 2 days of fasting did not influence the initiation stage of hepatocarcinogenesis (17) . However, short-term fasting was found to sustain the initiated cells (19) and to enhance promotion effects (18) , such as compensatory cell proliferation (21, 22) , in the early stages of hepatocarcinogenesis. We have recently reported that two sequential 5 day periods of fasting and subsequent refeeding caused a dramatic loss followed by an accelerated regrowth of AHF in young rats subjected to initiation with a single dose of diethylnitrosamine (DEN) and promotion by phenobarbital (PB) during the first 2 months of life (23) . The enhanced effects on promotion during refeeding were related to compensatory liver cell proliferation caused by liver weight and cell loss during the fasting periods (23) . Although liver weight loss during short-term fasting results from a decrease in hepatocyte size (22) , cell loss by apoptosis (16) and a decrease in cell proliferation (23, 24) , the relationship between short-term fasting and mechanisms of tumor promotion is still unclear.
Selective cell proliferation (25) and selective inhibition of apoptotic elimination of initiated cells and their progeny (26) have been proposed as important mechanisms in the action of promoting agents (27) . Although administration of a promoting agent selectively decreases apoptosis in hepatocytes of AHF (26) , withdrawal of the promoting agent enhances apoptosis in AHF to a greater degree than in non-focal hepatocytes (28) . Worner and Schrenk (29) confirmed the fact that PB and 2,3,7,8-tetrachlorodibenzo-p-dioxin, well-known promoting agents for Fig. 1 . Protocol of fasting and PB administration. Female Sprague-Dawley rats were divided into five groups (A-E). All rats were fed a laboratory chow (containing 24% protein) throughout the experiment except during the fasting periods, when no food was given. Groups B and C were fasted on days 28-33 and 35-40. Groups D and E were fasted on days 54-59 and 61-66. Groups A, B and D were given drinking water containing 0.05% PB from day 2 throughout the experimental periods. Groups C and E had PB withdrawn from their drinking water on days 28-40 and 54-66 respectively. Six rats were killed at each of the times indicated. H, 70% partial hepatectomy; D, administration of DEN (10 mg/kg body wt i.g.); S, sacrifice (100 mg BrdU/kg body wt injected i.p. 2 h before sacrifice).
liver (30) , inhibited DNA damage-induced apoptosis in vitro. However, PB administration modulated the type of cell death from necrosis to apoptosis under serum deprivation (31) . Furthermore, the promotive effects of PB are influenced by other factors, such as ovariectomy (32) and a choline-deficient diet (33) . In the experiments described herein, the effect of two 5 day sequential fasts on substantially greater numbers and volume percentage of AHF than previously investigated under these conditions (23) was studied in the presence and absence of PB during the fasting period. In order to obtain information concerning molecular changes during the fasting period, the levels of mRNA of several genes involved in hepatocyte proliferation and apoptosis were also investigated.
Materials and methods

Materials
[α-32 P]dCTP, Hybond N ϩ nucleic acid transfer membrane and Rapid-Hybe were purchased from Amersham (Arlington Heights, IL). DEN was purchased from Eastman Kodak (Rochester, NY). Other chemicals and antibodies were purchased from Sigma (St Louis, MO), FisherBiotech (Fair Lawn, NJ) and Boehringer Mannheim (Indianapolis, IN).
Animals and treatment
Six-week-old female Sprague-Dawley rats (Harlan Sprague-Dawley, Madison, WI) were divided into five groups (groups A-E), each group containing six rats. Rats were housed two in each cage and given free access to drinking water and a crude laboratory chow diet (Teklad 4% Mouse/Rat diet 7001, containing 24% protein, 5.0% fiber and 4% fat; gross energy of the diet 3.94 kcal/g). Rats were subjected to 70% partial hepatectomy (PH) at 150 Ϯ 10 g body wt and initiated by the i.p. administration of 10 mg/kg body wt DEN dissolved in tricaprylin (Sigma) 24 h after PH.
The experimental protocol is summarized in Figure 1 . Group A was fed the chow diet and allowed to drink water containing 0.05% PB ad libitum from day 2 throughout the experimental periods. The PB solution was prepared fresh every other day by dissolving the free acid form of PB in tap water at a pH of~5.5. During each 5 day fasting period, animals were given no food but allowed to have water or the PB solution ad libitum. Animals drank between 20 and 30 ml/day. The protocol ( Figure 1 ) was reviewed and approved by the Animal Care Committee of the University of Wisconsin Research Animal Resources Center (protocol code A-53-5900-M00668-4-04-93). The 'early fasting' groups, B and C, were fasted from day 28 to 40 except for days [33] [34] [35] , and the 'late fasting' groups, D and E, were fasted from day 54 to 66 except for days 59-61. In groups C and E, PB was withdrawn during the fasting periods from day 28 to 40 and from day 54 to 66 respectively. Six rats were killed at each of the times indicated in Figure 1 . The effects of short-term fasting were studied on the last day of fasting (days 40 and 66) and at 7 (days 47 and 73) and 14 (days 54 and 80) days after refeeding. The prolonged effects of the short-term fasting periods were analyzed on day 140. Bromodeoxyuridine (BrdU; Sigma), 100 mg/kg body wt i.p., was administrated 2 h before sacrifice. Body and liver weights of rats were measured at sacrifice. Livers were removed and cut into 2-3 mm thick slices. Liver slices were fixed in cold acetone or buffered formalin for 24 h. The remaining liver tissue was frozen in liquid nitrogen for DNA and RNA isolation. The fixed liver slices were embedded in paraffin by usual procedures. Serial sections were mounted on 2% 3-aminopropyltriethoxysilane (Sigma)-coated glass slides (4-5 µm) and were stained with hematoxylin and eosin (H&E), immunohistochemical staining and/or nick end labeling.
Immunohistochemical staining
The double staining for glutathione S-transferase (GST-P) and BrdU was performed as previously reported (34) . In each of a number of GST-P-positive focal lesions and of surrounding hepatocytes (GST-P-negative) 1000-10 000 hepatocyte nuclei were examined and the percentages of BrdU-positive cells were determined: BrdU labeling index (BrdU LI).
Cell density
Hepatocyte nuclei were counted microscopically on H&E stained sections by use of a 10ϫ10 mm square micrometer. Cell density was expressed as cell number/mm 2 . Nick end labeling After immunohistochemical GST-P staining on paraffin-fixed sections, the sections were end labeled according to an earlier report (35) with minor modifications. The slides were digested with proteinase K (20 µg/ml, 15 min at room temperature; Boehringer Mannheim) and rinsed with double-distilled water. Slides were incubated with terminal deoxynucleotidyltransferase (TdT) buffer (30 mM Trizma base, pH 7.2, 140 mM sodium cacodylate, 1 mM cobalt chloride). The TdT reaction solution, containing TdT buffer and TdT (0.3 U/µl; Gibco, Gaithersburg, MD) and biotin-16-dUTP (0.04 nmol/µl; Boehringer Mannheim), was applied for 90 min at 37°C. The reaction was stopped with 2ϫ SSC. Sections were incubated with streptavidin-peroxidase (1:100). Color development was carried out with diaminobenzidine (DAB) and a light counterstain was provided by hematoxylin. Sections were washed, dehydrated and mounted.
The nick end labeling (NEL)-positive (DAB-positive) apoptotic bodies and cells were expressed per 100 hepatocyte nuclei (NEL index) after examination of 500-10 000 nuclei. The incidence of apoptotic bodies was determined by counting at least 1000-10 000 hepatocyte nuclei in serial sections stained with H&E according to the studies by Bursch et al. (28) . As it was difficult to identify small foci in H&E sections obtained from livers of the early phase after initiation, the incidence of AB in AHF and in surrounding liver tissues was counted only 140 days after initiation.
Quantification of AHF
The microcomputer-digitizer system utilized for quantitative analysis allows analysis of the number and volume of AHF (36) . The number of AHF per liver and AHF as a percentage of liver are calculated according to the modified Saltykov method (37) by digitizing the tracings of GST-P positive AHF from GST-P-stained liver sections enlarged on the digitizer screen. We are able to quantitate AHFs whose diameter is Ͼ125 µm with this computer system. For quantitation of the GST-P-positive single hepatocytes and small clones in relation to the total hepatocyte population or total number of hepatocytes, the microcomputer-digitizer system was coupled to a video camera and the actual numbers of the parameters determined with software developed in our laboratory (Y.-D.Xu and H.C.Pitot, unpublished data).
Stat-View software for the Macintosh microcomputer was used for statistical analyses and significant differences were determined by the Mann-Whitney test.
DNA fragmentation assay
Genome DNA was isolated from frozen liver tissues according to the procedures of Tilly and Hsueh (38) with minor modifications (22) . DNA electrophoresis was carried out through 1.5% agarose gel for 2 h at 50 V in TAE buffer (40 mM Tris-acetate, pH 8.0, 1 mM EDTA) containing 0.5 µg/ml ethidium bromide (Sigma) and spots were visualized under UV light.
Isolation of RNA Total RNA was isolated from 100-120 mg liver by the acid guanidinium thiocyanate/phenol/chloroform method (39) . Briefly, the pulverized frozen liver tissues were homogenized in solution D (4 M guanidinium thiocyanate), 25 mM sodium citrate (pH 7.0), 0.5% sarcosyl and 0.1 M β-mercaptoethanol. This was followed by sequential addition of 2 M sodium acetate (pH 4.0), water-saturated phenol and chloroform:isoamyl alcohol (49:1). The homogenate was thoroughly mixed and incubated in ice for 15 min. The samples were centrifuged and the aqueous phase was collected. After addition of an equal volume of isopropanol, the mixed solution was placed at -20°C overnight. The precipitate was centrifuged, dissolved in solution D and reprecipitated. The pellet was centrifuged and washed with 80% ethanol. The RNA was dissolved in diethylpyrocarbonate-treated water. The RNA concentration in each sample was determined by absorption at 260 nm (1 A 260 unit µ 40 µg RNA).
Northern blot analysis
Total RNA (10 µg) mixed with 1 µg ethidium bromide, 10 mM sodium phosphate and 5% formaldehyde was electrophoresed through a 1% agarose gel (Seakem, Rockland, ME) containing 10 mM sodium phosphate and 3% formaldehyde in 10 mM sodium phosphate buffer with 3% formaldehyde. After loading, the gel was treated with 50 mM NaOH for 30 min and with neutralization buffer (pH 7.2) consisting of 0.5 M Tris-HCl, 1.5 M NaCl and 1 mM EDTA. The RNA was transferred to a nylon membrane by capillary blotting with 20ϫ SSC and fixed onto the membrane by exposure to 1200 J/m 2 UV (Stratalinker; Stratagene, La Jolla, CA). The blots were kept at -20°C until use.
Blots were prehybridized in Rapid-Hybe (Amersham, Cleveland, OH) at 65°C for 15 min. cDNA probes (25 ng/labeling) were labeled with [α-32 P]dCTP with the Redi-Prime labeling kit (Amersham). Unincorporated nucleotides were removed on Sephadex G-25 spin columns. The labeled probes were denatured and added to the prehybridization solution at a final concentration of 1.8ϫ10 6 c.p.m./ml. Hybridization was carried out for 2 h at 65°C. After hybridization, blots were washed in 1% SDS, 1ϫ SSC at room temperature three times for 20 min each with shaking and in 0.5% SDS, 0.1ϫ SSC at 65°C twice for 30 min each with shaking.
The radioactivity of each band was quantitated in a Molecular Dynamics PhosphorImager. Since groups A, B and C on day 40 and groups A, D and E on day 66 were on the same blots, the values of radioactivity for groups B and C and groups D and E were standardized with respect to the values for group A on days 40 and 66 respectively. The blots were exposed to Kodak XAR-5 film at -80°C for an appropriate length of time. The cDNA probes were obtained from the following sources: rat β-actin from Dr R.K.Srivastava (40) ; rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from Dr Paul Lambert (McArdle Laboratory); rat serum albumin from Dr Charles Kasper (41); mouse insulin-like growth factor (IGF)-I from the American Type Culture Collection (ATCC 63070; Rockville, MD) (42); rat IGF-II from Dr A.Efstradiadis (43) ; rat c-myc from the ATCC; human bcl-2 from Dr S.J.Korsmeyer (44) ; rat p53 from Dr T.Soussi (45) .
Results
Body weight and liver weight decreased significantly in rats after two 5 day periods of fasting, as noted at day 40 and day 66 ( Figure 2 ). Although body weight loss on day 66 showed no significant difference between groups D and E, the liver weights of group E (4.24 Ϯ 0.84 g) showed a significant 1419 decrease compared with those of group D (6.25 Ϯ 1.06 g, P Ͻ 0.05). After refeeding, liver weights recovered quickly to the control liver weight within 1 week (days 47 and 54 for groups B and C and days 73 and 80 for groups D and E).
The value of AHF as a percentage of liver volume in group A gradually increased up to 54 days, leveling off through 80 days and again increasing by 140 days (Figure 3 ). The numbers of AHF showed the same tendency. In contrast, both AHF number and volume percentage (Figures 3 and 4) decreased significantly during the fasting periods (day 40 for groups B and C and day 66 for groups D and E) compared with group A (P Ͻ 0.005). The presence of PB in the drinking water during the fasting period did not significantly affect the loss or regrowth of cells in AHF during the fasting and refeeding periods respectively. However, on day 140, in groups fasted between 28 and 40 days, both PB administration (group B) and withdrawal (group C) during the fasting periods produced significant increases in AHF compared with the control group (group A). However, in groups fasted between days 54 and 66, only the PB withdrawal group (group E) revealed a significant increase compared with group A. Furthermore, groups B and C were significantly different from groups D and E respectively (P Ͻ 0.05). While these quantitative stereological analyses involve AHF of diameters ജ126 µm, as described previously (36) , preliminary investigations revealed a similar loss of single GST-P-positive hepatocytes during the fasting periods, with partial recovery during refeeding (W.Lee, Y.Xu and H.C.Pitot, unpublished data). Single GST-P-positive hepatocytes have been implicated as putative initiated cells (46, 47) . Table I shows the liver cell densities (number of hepatocytes/ mm 2 ) at the end of the fasting periods on days 40 and 66. In all cases, the cell densities of the fasted groups, both in the presence and absence of PB, were significantly increased compared with the control group A at day 40. These values for fasted animals recovered to the control levels within 1 week of refeeding (data not shown). Of interest is the fact that the cell densities of groups fasted from day 28 to 40 (groups B and C) were significantly higher than those in groups fasted at the later period (groups D and E, P Ͻ 0.005 and P Ͻ0.05 respectively). Following fasting from day 54 to 66, the cell density of the group fasted in the absence of PB (E) was significantly higher than that of the group fasted in the presence of the promoting agent (D) (P Ͻ 0.005).
The BrdU LI of surrounding liver tissue of fasting groups decreased significantly during the fasting periods (days 40 and 66) compared with those of the control group (group A in Figure 5A ). This was followed by a rapid increase in BrdU labeling after refeeding (days 47 and 73) ( Figure 5A ). The BrdU LI of AHF (GST-P-positive lesions) was 10-fold higher than that of the surrounding liver tissues (GST-P-negative cells) and decreased with time during the stage of promotion Figure 1 for specific times and conditions.
(group A) ( Figure 5B ). Although the BrdU LI of AHF also decreased significantly during the fasting periods (days 40 and 66), the LI rebounded after refeeding (days 47 and 73). After refeeding (days 47 and 73), only the BrdU LIs of AHF of groups not receiving PB during the fasting periods (day 47 for group C and day 73 for group E) were significantly higher than those of the control group (days 47 and 73 of group A, P Ͻ 0.05) in surrounding liver tissue. This tendency was the same in the non-AHF, GST-P-negative hepatocytes ( Figure 5A ). The incidence of apoptotic bodies (ABs) in surrounding non-AHF liver tissue was 0.2-0.4 per 100 hepatocytes except during the fasting periods (days 40 and 66) (Figure 6 ). During the fasting periods, the incidence increased prominently compared with the controls (group A). The incidences of ABs at day 40 in groups B and C were significantly higher than those of groups D and E at the end of the later fast (66 days, P Ͻ 0.005). The incidence of ABs in AHF was 1.0-1.5/100 hepatocytes, 5-to 7-fold higher Figure 3 , using identical symbols. Each bar indicates the mean Ϯ SD. a, significant differences at each time point compared with group A (P Ͻ 0.005); b, significant differences at each time point compared with group A (P Ͻ 0.05); c, significant differences at each time point compared with group D (P Ͻ 0.05).
than that of surrounding liver tissues. All groups showed no significant difference compared with the control. Although the NEL indices of surrounding liver tissue were slightly lower than the incidence of ABs, the tendency of change in NEL was the same as in the incidence of ABs (Figure 7) .
The NEL indices of AHF (GST-P-positive) also increased during fasting periods ( Figure 7) . The NEL index value of AHF on day 66 for group D (1.89 Ϯ 0.31%) was lower than that on day 66 for group E (2.71 Ϯ 1.15%, P Ͻ 0.05). As reported previously (23) , DNA gel electrophoresis demonstrated DNA fragmentation at the end of the fasting periods in groups B, C and E. In groups B and E, DNA ladder formation was very faint and in group D the ladder was difficult to distinguish by this method (data not shown). It must be noted, however, that the vast majority of hepatocytes were not undergoing apoptosis at the time these samples were taken (Figures 6 and 7) . We also noted that in comparing group C with group B, as well as group E with group D, there appeared to be a greater degree of internucleosomal fragmentation in the groups that did not receive PB in the drinking water during the fasting period (groups C and E) compared with their counterparts that received the promoting agent during the fasting period (groups B and D respectively). These findings correspond with the incidence of ABs ( Figure  6A ) and NEL indices (Figure 7 ) of the surrounding non-AHF liver tissue. Figure 1 for further details. Each bar depicts the mean Ϯ SD. a, significant difference compared with group A on day 40 (P Ͻ 0.005); b, significant difference compared with group A on day 40 (P Ͻ 0.01); c, significant difference compared with group A on day 66 (P Ͻ 0.005); d, significant difference compared with group A on day 66 (P Ͻ 0.05); e, significant difference compared with group D on day 66 (GST-) (P Ͻ 0.005); f, significant difference compared with group E on day 66 (GST-) (P Ͻ 0.05).
The total liver RNA content (µg/100 mg liver tissue) of livers from fasted rats on day 40 for groups B and C (B, 262 Ϯ 36; C, 275 Ϯ 45) and on day 66 for groups D and E (D, 341 Ϯ 36; E, 280 Ϯ 57) was significantly lower than the total RNA content of control rats on days 40 and 66 for group A (day 40, 390 Ϯ 25; day 66, 391 Ϯ 31, P Ͻ 0.05). This finding coincides with that of Hirsch and Hiatt (48) . The RNA content of the liver returned to control values within 1 week of refeeding (data not shown).
Northern blot analysis showed that expression of β-actin and GAPDH mRNA increased 2-to 3-fold during periods of fasting (Figures 8 and 9 ) and returned to control levels after refeeding (Figure 8 ). In contrast, the expression of albumin mRNA was suppressed during the fasting periods and recovered 1422 after refeeding. IGF-I mRNA decreased during fasting in groups B and C, but did not decrease in groups D and E. The most striking finding is the dramatic increase in the level of c-myc mRNA following the fasting periods from day 28 to 40 (groups B and C). The relative increase in c-myc during this period was 8-to 10-fold. A 3-to 4-fold increase in c-myc RNA occurred in groups D and E, but this was not significantly different from the β-actin control. Similarly, the increases in p53 mRNA occurring during the fasting periods were relatively great in groups B and C (Figure 8 ), but not significantly different from the β-actin and GAPDH controls. IGF-II and Bcl-2 mRNAs could not be detected during fasting and refeeding periods or in control livers (data not shown).
Discussion
Acute fasting is a distinctly different process from chronic caloric restriction. While both processes result in the loss of body and organ weights (3, 8, 23) , the effects seen in fasting are far more rapid than those in chronic caloric restriction. Chronic caloric restriction decreases hepatocyte replication and growth factor production slightly in young animals, but actually enhances cell replication and xenobiotic metabolism in older animals (49) . On the other hand, acute fasting for 3-5 days causes a dramatic decrease in growth factors (50) , enzymes of carbohydrate metabolism (51) and enzymes of xenobiotic metabolism (52) , although the inducibility of these latter enzymes was not depressed by fasting. Enzymes of amino acid metabolism increase rapidly in the acutely fasting state (53, 54) . Organ weight loss seems to be a good index to monitor the influence of fasting on animals, because the effects of fasting might change depending on the duration of fasting and the age of animals (12). In the present study, all four groups subjected to short-term fasting exhibited considerable loss of body and liver weight. The magnitude of liver weight loss was 63.8% for group B (day 40) and 69.2% for group C (day 40) compared with group A (day 28), and 41.2% for group D (day 66) and 60.1% for group E (day 66) compared with group A (day 54) (Figure 2 ). This finding is probably due to the fact that while the periods of fasting were identical in length for all groups, the body weights for groups B and C were Ͼ20% lower than those of groups D and E at the beginning of the fast.
Continuous administration of PB increases liver and body weight during multistage hepatocarcinogenesis (55) and PB withdrawal decreases liver weight by 20% (28) within 2 weeks. Since all of the fasted groups showed a Ͼ20% loss of liver weight with no relation to PB administration during fasting periods, it was obvious that two sequential 5 day fasting periods influenced the loss of liver weight much more than withdrawal of the promoting agent. Since the number of ABs ( Figure 6 ) and cell density increased and proliferative activity ( Figure 5 ) decreased during the fasting periods, apoptosis (16) , reduction of individual cell volume (22) and a decrease in proliferative activity (24) were the principal causes of liver weight loss during the fasting periods, as described in our previous study (23) . Although the exact contribution of each of these three factors to the loss of liver weight during the fasting periods remains to be determined, their importance is emphasized by the fact that refeeding almost completely reversed the apoptotic rate ( Figure 6 ) while dramatically stimulating the proliferative activity of hepatocytes ( Figure 6 ). Whereas apoptosis plays an important role in cell deletion during caloric restriction (5) and apoptotic bodies began to increase within 2 days after fasting (16) , apoptosis is probably a critical factor in liver weight loss during starvation. In addition, since NEL indices of GST-P-positive lesions increased significantly during the fasting periods in parallel with those of GST-P-negative hepatocytes (Figure 7) , apoptosis may play a similar important role in the decrease in AHF during fasting periods, as has been observed with promoting agent withdrawal (28) and caloric restriction (56) . The greater degree of apoptosis measured as NEL seen in AHF can be noted in Figure 7 in control animals of group A at both days 40 and 66 of the experiment. However, during the fast from 28 to 40 days following initiation, hepatocytes surrounding AHF exhibited a degree of apoptosis almost equal to that within AHF (groups B and C, day 40). This coincides with the greater loss of body and liver weight (Fig. 2) as compared with animals fasted from 54 to 66 days; however, there is a clear distinction between the significantly lower degree of apoptosis in surrounding hepatocytes compared with that in AHF during this latter fasting period (Figure 7) .
Both number and volume percentage of the liver of AHF were determined, since each of these parameters measures different stages in the carcinogenic process. The numbers of AHF reflect the total numbers of initiated cells capable of developing into clones of AHF, while the volume percentage reflects the growth rate and total cellular population of the AHF in general (30, 46, 55) . AHF expressed as a percentage of liver was significantly elevated at day 140 in those groups (B and C) fasted from 28 to 40 days compared with the control group (group A) at this later period ( Figures 3B and 4B) . As with other effects (see above), these changes were not as obvious in animals fasted from day 54 to 66 (groups D and E), although a significant increase in number of AHF/liver was noted in group E at day 140. These results, at least with the animals fasted from 28 to 40 days, confirmed the earlier study (23) that short-term periods of fasting during the first 5 weeks of hepatocarcinogenesis resulted in more rapid growth (increased volume fraction) of AHF after refeeding. Moreover, these effects of fasting had no relationship to the administration of PB as a promoting agent during the fasting periods. In the groups fasting between 54 and 66 days (Figure 6 ), only group E, which was given no PB during the fasting periods, showed a significant increase in AHF number and volume percentage of liver on day 140 ( Figures 3B and 4B ). These findings indicate that PB withdrawal during the fasting periods enhanced the refeeding effects of short-term fasting, while PB administration during the fasting periods suppressed such effects. This finding is somewhat discordant with the effects of PB as a promoting agent, because the promoting effect of PB is known to increase AHF number and volume percentage (growth) in a dose-dependent manner (57) and acts in a synergistic manner with other promoting influences (33) . Moreover, the cessation of PB treatment increases apoptotic cell death in both foci and surrounding liver tissues (28) . Indeed, whereas renewal of PB treatment decreased apoptosis in AHF and surrounding hepatocytes (28) and caused a renewed growth of AHF (58) , an enhancing effect on tumor promotion by intermittent cessation and renewal of promoting agent administration is not consistently seen (59) . Recent findings indicate that the inhibition of apoptotic elimination of initiated cells is an important effect of promoting agents that accompanies their proliferative effects (26, 27) . Furthermore, Worner and Schrenk (29) demonstrated that promoting agents such as PB and 2,3,7,8-tetrachlorodibenzo-p-dioxin inhibited DNA damageinduced apoptosis in primary rat hepatocyte culture. However, since both the incidence of ABs ( Figure 6A ) and the proliferative activities after refeeding ( Figure 5 ) increased significantly when PB was absent during the fasting periods (group E compared with group D), it is possible that the absence of PB during the fasting periods enhanced apoptosis caused by shortterm fasting and increased liver weight loss, which in turn might induce greater compensatory proliferative activity after refeeding (23) . Moreover, PB treatment elevates DNA synthesis mainly in the early phase of PB treatment (25) , so that re-administration of PB might intensify this compensatory proliferative activity. That this differential effect of PB is not noted in animals fasted at earlier periods (days 28-40; 23) may be related to the different weights and metabolic reserves of the animals or reflect a true difference. Expression of β-actin and GAPDH mRNA, which are frequently used as internal standards for mRNA levels, were elevated 2-to 3-fold, while that of albumin mRNA decreased drastically after the two 5 day periods of fasting. Previous studies have demonstrated a decrease in the levels of some mRNA species in rat liver after various periods of fasting (60, 61) , but the levels of other mRNA species increase in liver (62) and small intestine (63) when rats are fasted for up to 7 days. Others have reported significant decreases in functional albumin mRNA upon shortterm fasting (64) . Fasting caused a dramatic decrease in the hepatic level of IGF-I mRNA. At the same time, fasting resulted in an increase in mRNA abundance of IGF-II (65) . While IGF-II expression is normally not detectable in adult rat liver (66) , fetal growth retardation caused by maternal fasting does lead to a lowered expression of this growth factor as well (67) . Thus, it is reasonable to suggest that acute fasting reduces the transcription of several secretory proteins and growth factors that act on the liver, including IGF-I and insulin (67, 68) .
Expression of β-actin and GAPDH is known to increase during liver regeneration after partial hepatectomy or CCl 4 administration (69,70). Thus, it is possible that the elevation of these mRNAs during the fasting periods might be associated with the cell loss from apoptosis induced by fasting in our experiments. However, the relative levels of c-myc mRNA are increased dramatically (8-to 10-fold over controls) at the end of the fasting periods from 28 to 40 days. A much smaller increase in the mRNA of this proto-oncogene is noted at the end of the fasting periods from 54 to 66 days. This might be caused by the different degree of response of the fasting effects of each group. Since the number of AHF, as well as their volume percentage of the liver, was extremely low at the end of the fasting periods when gene expression was measured, it is unlikely that these changes are related to the cellular populations of the AHF themselves. It is more reasonable to argue that these changes in mRNA levels reflect changes in the surrounding non-AHF hepatocytes.
Levels of c-myc mRNA increase in rat liver with age (71) and on feeding a protein-free diet (72) . A number of studies in cell culture have demonstrated that proliferating cells in appropriate nutrient-rich medium express high levels of c-myc. When cells are subjected to growth arrest and c-myc expression remains deregulated, many cells undergo apoptosis (73, 74) . Induction of apoptosis by c-Myc requires association with its heterologous partner, Max, implying that c-Myc drives apoptosis through a transcriptional mechanism by modulating the expression of certain c-Myc-responsive genes (75) . Interestingly, addition of IGF-I to fibroblasts in culture suppresses c-Myc-induced apoptosis (75) . Thus, it is reasonable to suggest that in the liver of the acutely fasted animal in vivo, the deregulation of c-myc, either by increased rate of transcription or mRNA stabilization in the absence of growth factors such as IGF-I, results in a dramatic enhancement of hepatocytes undergoing apoptosis in a fashion analogous to c-Myc-induced apoptosis in cell culture. Furthermore, enhanced expression of c-myc also occurs in some AHF (76) and such deregulation of this gene may, in the fasted state, lead to the greater degree of apoptosis noted in hepatocytes within AHF.
Although the p53 mRNA did not show increases beyond that of the control mRNAs, β-actin and GAPDH, we cannot rule out the possibility that changes in the expression of this tumor suppressor gene (77) earlier during the fasting period may be important in the development of apoptosis in hepatocytes resulting from an acute fast. The p53 protein plays a role in the checkpoint in the cell cycle known as G1 arrest (78) . In regenerative liver, the elevation of p53 mRNA expression is preceded by increases in c-fos and c-myc mRNA expression prior to the start of DNA synthesis (79, 80) . Thus, an elevated expression of p53 mRNA caused by fasting might stop the cell cycle at the G 1 checkpoint and damaged cells would be deleted through an apoptotic process (81, 82) . Further studies on the expression of this and other genes related to the apoptotic process earlier during the fasting periods may yield more information concerning the signals involved in the apoptotic response to acute fasting of both normal and preneoplastic hepatocytes.
